Formation of senile plaques containing amyloid fibrils of Aβ (amyloid β-peptide) is a pathological hallmark of Alzheimer's disease. Unlike globular proteins, which fold into unique structures, the fibrils of Aβ and other amyloid proteins often contain multiple polymorphs. Polymorphism of amyloid fibrils leads to different toxicity in amyloid diseases and may be the basis for prion strains, but the structural origin for fibril polymorphism is still elusive. In the present study we investigate the structural origin of two major fibril polymorphs of Aβ40: an untwisted polymorph formed under agitated conditions and a twisted polymorph formed under quiescent conditions. Using electron paramagnetic resonance spectroscopy, we studied the inter-strand side-chain interactions at 14 spin-labelled positions in the Aβ40 sequence. The results of the present study show that the agitated fibrils have stronger inter-strand spin-spin interactions at most of the residue positions investigated. The two hydrophobic regions at residues 17-20 and 31-36 have the strongest interactions in agitated fibrils. Distance estimates on the basis of the spin exchange frequencies suggest that inter-strand distances at residues 17, 20, 32, 34 and 36 in agitated fibrils are approximately 0.2 Å (1 Å = 0.1 nm) closer than in quiescent fibrils. We propose that the strength of inter-strand side-chain interactions determines the degree of β-sheet twist, which then leads to the different association patterns between different cross β-units and thus distinct fibril morphologies. Therefore the interstrand side-chain interaction may be a structural origin for fibril polymorphism in Aβ and other amyloid proteins.
INTRODUCTION
Formation of amyloid fibrils is associated with a range of devastating human disorders, including Alzheimer's disease, prion diseases and Type II diabetes. Unlike most globular proteins, which fold into a unique three-dimensional structure determined primarily by their amino acid sequence, amyloid proteins often form fibrils of different morphologies with different underlying structures, a phenomenon called fibril polymorphism. Molecular level fibril polymorphism underlies the strain phenomenon in yeast prions and probably also in human prion diseases [1] . Different fibril polymorphs of Aβ (amyloid β-peptide) and human prion protein have also been shown to have different toxicities [2, 3] . Therefore understanding the structural origin of fibril polymorphism has important biological implications.
Fibrils formed by the Aβ40 protein, involved in Alzheimer's disease, contain distinct polymorphs [3] [4] [5] . Fibrils derived from Alzheimer's disease patients' brains were found to have a distinct structure from those prepared from synthesized Aβs [6] . Considering different fibril polymorphs may have different toxicities [3] , the relationship between toxicity and various Aβ assemblies may be more complex than currently realized. Among various in vitro conditions, agitation produces a dramatic change in fibril morphology. Fibrils formed with agitation are absent of apparent twist and have a 'striated ribbon' morphology, and fibrils formed without agitation (termed quiescent condition) are twisted and have a 'twisted pair' morphology [3, 4] . Tycko [7] showed that the agitated fibrils contain two cross-β-units with a two-fold symmetry, and the quiescent fibrils contain three cross-β-units with a three-fold symmetry. A cross-β-unit is defined as a doublelayered β-sheet in which each Aβ contributes two β-strands to the two layers. Hydrogen/deuterium exchange studies reveal that the agitated fibrils have more protected amide protons than quiescent fibrils, suggesting more hydrogen bonds are involved in the agitated fibrils [4] . These findings show that, in addition to the morphological differences, the agitated and quiescent fibrils have distinct sub-structures, but the detailed structural difference underlying amyloid β-fibril polymorphism is not yet clear.
We postulate that the apparent morphological difference between the agitated and quiescent fibrils originates from differences in the underlying inter-atomic interactions. It is well known that, in folded globular proteins, the β-strand has a righthanded twist when viewed along the strand axis [8] , rather than the planar form originally proposed by Pauling and Corey [9] . Energy calculations of model β-sheets have shown that the right-handed twist originates from both intra-strand side-chainbackbone interactions [10, 11] and from inter-strand sidechain-side-chain interactions [12] . In a polyvaline peptide, interstrand side-chain interactions were found to favour flat sheets and the right-handed twist is a result of favourable intrastrand side-chain-backbone interactions [11] . In contrast, an isolated polyisoleucine chain favours a left-handed twist, but a β-sheet consisting of several polyisoleucine chains has a right-handed twist due to favourable inter-strand side-chain-sidechain interactions [12] . Backbone hydrogen bonding interactions always favour planar structures [13] . Therefore the degree of twist in a β-sheet originates from a balance of various inter-and intra-strand interactions. Characterization of these interactions in the fibril structure may reveal the structural origin of fibril polymorphism.
EPR (electron paramagnetic resonance) spectroscopy is capable of revealing differences in inter-strand side-chain interactions in amyloid β-fibrils. Previous solid-state NMR [7] and EPR [14] studies have shown that amyloid β-fibrils adopt a parallel inregister β-structure, in which each residue in the β-strand stacks on top of the same residue in the adjacent β-strand. When a spin label is introduced into Aβ, the stacking of the spin label leads to strong spin-spin interactions. The strength of the spinspin interactions reflects the strength of local inter-strand sidechain packing interactions. Therefore, by studying the spin-spin interaction with EPR, we will gain insights into the inter-strand side-chain interactions in different amyloid β-fibril polymorphs.
To this end, we investigate the structural origin for the polymorphism of Aβ40 fibrils using site-directed spin labelling and EPR spectroscopy in the present study. Wild-type Aβ40 and 14 spin-labelled variants formed agitated and quiescent fibrils with morphologies similar to those previously reported [3, 4, 15, 16] . EPR studies showed that the two β-strand regions in the Aβ40 sequence have considerably stronger spin-spin interactions in agitated fibrils than quiescent fibrils, suggesting overall stronger interstrand side-chain interactions in agitated fibrils. We propose that the stronger inter-strand side-chain interactions in agitated Aβ40 fibrils lead to flat β-sheets. In contrast, the weaker inter-strand side-chain interactions in quiescent Aβ40 fibrils result in twisted β-sheets. The degree of twist may determine how the cross-β-units come together to form protofilaments. Therefore the interstrand side-chain interaction may be a structural determinant for fibril polymorphism in Aβ and other amyloid proteins.
EXPERIMENTAL Preparation of Aβ40 proteins and spin labelling
DNA constructs of GroES-ubiquitin-Aβ40 fusion protein and the deubiquitylating enzyme Usp2cc were provided by Dr Rohan T. Baker (Australian National University, Canberrra, Australia) and Dr Il-Seon Park (Chosun University, Gwangju, South Korea). These constructs have been described previously [17, 18] . Single cysteine residue mutations at various sites were introduced into the Aβ40 sequence using the QuikChange kit (Agilent). Mutations were confirmed with DNA sequencing.
For protein expression, the plasmid constructs of Aβ fusion protein and Usp2cc were transformed into C41(DE3) cells (Lucigen). The cells were cultured to D 600 ≈0.6 in LB (Luria-Bertani) broth containing the appropriate antibiotics at 37
• C and then induced with 1 mM IPTG (isopropyl β-Dthiogalactopyranoside) at 28
• C for 4-6 h. Aβ-fusion protein was purified using a nickel column as described previously [19, 20] . Protein concentration was determined by UV absorbance at 280 nm using a molar absorption coefficient of 3.84 mM − 1 · cm − 1 . For purification of Usp2cc, the cells were resuspended in TG buffer [50 mM Tris, 5 mM 2-mercaptoethanol and 30 % (v/v) glycerol, pH 7.5] and sonicated on ice with a Branson 450 Sonifier (standard tip, 70% amplitude, pulse mode with 5 s on and 10 s off, 2 min of total on time). The cell debris was pelleted by centrifugation (20 000 g, 30 min, 4
• C). The supernatant was filtered through a 0.45-μm filter (Whatman) and loaded on to a 1 ml HiTrap SP HP column (GE Healthcare) equilibrated with TG buffer. The protein was eluted using a step gradient of 50 and 100 mM NaCl. Protein concentration was determined by UV absorbance at 280 nm using a molar absorption coefficient of 40.84 mM − 1 · cm − 1 . Full-length Aβ protein was cleaved from the fusion protein with Usp2cc in a buffer containing 25 mM phosphate, 3 M urea and 2 mM TCEP [tris-(2-carboxyethyl)phosphine], pH 10. The digestion reaction was allowed to proceed at 37
• C for 30 min. The reaction mixture was then immediately filtered with 0.2-μm filter (Whatman) and loaded on to a PRP-3 reverse-phase column (Hamilton) equilibrated with 30 mM ammonium acetate, pH 10. Aβ protein was eluted using acetonitrile in a linear gradient over 10 column volumes. Purified Aβ was freeze-dried and stored at − 80
• C. The mass of purified Aβ was checked with MALDI-TOF (matrix-assisted laser-desorption ionization-time-of-flight) MS, and no other impurities were detected on the mass spectrum.
For spin labelling, powders of single cysteine residue mutants of Aβ40 were dissolved in 30 mM Mops and 8 M urea, pH 6.8, and the spin labelling reagent MTSSL (1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl methanethiosulfonate; Enzo Life Sciences) was used at 10-fold molar excess. The spin-labelled Aβ40 was further purified by reverse-phase HPLC as described above. MALDI-TOF MS was performed to ensure that the mass was correct and the extent of labelling was >95 %. Spin-labelled Aβ proteins were freeze-dried and stored at − 80
• C.
Fibril growth
Freeze-dried Aβ40 powder was dissolved in PU buffer (50 mM sodium phosphate and 8 M urea, pH 10) to 2 mM and then diluted 20-fold into PBS buffer (50 mM sodium phosphate and 140 mM NaCl, pH 7.4) to a final concentration of 100 μM. Then the Aβ solution was split into two aliquots and was incubated either on the bench (quiescent condition) or on a digital vortex mixer with a speed of 600 rev./min (agitated condition) at room temperature (21 • C). Fibrils were collected after 14 days by centrifugation (14 000 g, 10 min, room temperature). Soluble proteins were removed by washing the pellet with PBS buffer.
TEM (transmission electron microscopy)
Aβ samples were applied on to glow-discharged copper grids covered with 400 mesh formvar/carbon film (Ted Pella) and stained with 1 % uranyl acetate. Samples were examined under a JEOL JEM-1200EX electron microscope with an accelerating voltage of 80 kV.
EPR spectroscopy
EPR measurements were performed at X-band frequency on a Bruker EMX spectrometer equipped with the ER 4102ST cavity. A modulation frequency of 100 kHz was used. Measurements were performed at 20 mW microwave power at room temperature. Modulation amplitude was optimized to individual spectrum at ∼ 4 G. Approximately 20 μl of fibril sample was loaded into glass capillaries (VitroCom) sealed at one end. EPR spectra in each Figure panel were normalized to the same number of spins.
Spectral simulations
Spectral simulations were performed using a LabVIEW (National Instruments) interface [21] of the program NLSL developed by Freed and co-workers [22, 23] . A microscopic order macroscopic disorder model was used as described previously [23] . A leastsquares fit of the user-defined spectral parameters was performed using the Levenberg-Marquardt algorithm. For all fits, the values for the magnetic tensors A and g were fixed as Axx = 5.7, Ayy = 6.0 and Azz = 37.5, and gxx = 2.0078, gyy = 2.0058 and gzz = 2.0023, which were determined previously for spin label R1 [24] . An anisotropic model for the motion of the spin label was assumed and was found to give better fits than isotropic models. For anisotropic simulations, diffusion tilt angles were fixed to (α,β,γ ) = (0,36
• ,0) for z-axis anisotropy as reported previously [24] . The diffusion tilt angels are the Euler angles relating the axes of the diffusion tensor and the magnetic tensor. For labelled sites 8-40, each EPR spectrum was assumed to contain one spectral component, corresponding to one spin label state. The number of fitted parameters was kept at a minimum, which in this work includes the rotational diffusion constant (R), an order parameter (S) and the Heisenberg exchange frequency (ω). We found that satisfactory fits were obtained with only these three parameters. Rotational correlation time (τ ) can be calculated using τ = 1/(6R).
Values of ω are plotted in Figures 2(C) and 2(D)
. The error for exchange frequency was estimated by changing the value from its best fit until a significant deviation in simulated spectra was observed. The error was plotted in Figures 2(C) and 2(D) as error bars. The values of τ at most labelling sites are in the range of 3-10 ns with order parameters of 0.5 or greater. These numbers are comparable with buried sites in model proteins such as T4 lysozyme. Previous studies have found that the correlation time is approximately 4-5 ns for buried sites 118 and 131 in T4 lysozyme [25] . In T4 lysozyme, the motion of the spin label at buried sites is also highly ordered [25] . For labelled sites 0 and 4, it is clear that there is a spectral component with fast spin label motion, so two spectral components were used in the fitting and the exchange frequency was allowed to vary independently. The fitting errors for the percentage of each spectral component are between 1 % and 2 %. To see visible changes in spectral lineshape, the percentage of each spectral component has to deviate from the best fit values by 2-3 %, as shown in Supplementary Figure S5B . This puts an upper limit of 3 % for the error in the percentage of each fitted component. The fast component was found to be a minor component in all cases, and only the exchange frequencies of the major component were plotted in Figure 2 . All simulated parameters are provided in Supplementary Table S1 (at http://www.BiochemJ.org/bj/447/bj4470043add.htm).
For spectral simulation of different spin exchange frequencies, the spin label mobility was fixed at either τ = 5 ns, S = 0.5 or τ = 10 ns, S = 0.7, and spin exchange frequency was allow to vary to obtain the simulated spectrum. These two dynamic states of R1 represent the majority of the labelled sites in Aβ40 fibrils and thus provide two good examples on how spin exchange interactions affect the EPR spectral lineshape. Simulation of dipolar-broadened spectra was performed as described previously [26] . The spectra used in spin exchange simulations were used as the non-interacting spectra, and a distance-related broadening function was used to obtain the dipolar-broadened spectra.
RESULTS

Both wild-type and spin-labelled Aβ40 proteins form distinct fibril polymorphs under agitated and quiescent conditions
Wild-type Aβ40 proteins formed untwisted fibrils under the agitated condition, and twisted fibrils under the quiescent condition, as shown by the TEM images (Figure 1 ). Previously, Petkova et al. [3] used gentle circular shaking and Kodali et al. [4] used stirring with a magnetic bar to produce agitated fibrils. The predominant features of the agitated fibrils from both studies include the lack of apparent twist and lateral association of protofilaments, although gentle circular shaking resulted in longer fibrils than the stirring method. In the present study, we used shaking at 600 rev./min to produce the agitated fibrils, which closely resemble the agitated fibrils of Kodali et al. [4] . The quiescent fibrils display subtle differences in the period of the twist and fibril width, but the agitated fibrils appear to have a uniform morphology.
We next prepared Aβ40 proteins with the spin label R1 introduced at 14 different residue positions (Figure 2A ). The structure of the R1 side-chain is shown in Supplementary Figure S1 (at http://www.BiochemJ.org/bj/447/bj4470043add.htm). TEM images of the three representative spin-labelled variants are shown in Figure 1 . These spin-labelled Aβ40 variants formed fibrils with Figure 2A) . WT, wild-type. Scale bars, 100 nm. morphology similar to wild-type Aβ40, suggesting that structural differences between agitated and quiescent fibrils are preserved in spin-labelled fibrils.
Spin exchange interactions provide a quantitative measure for the inter-strand side-chain interactions EPR spectroscopy has been used to study the amyloid fibrils of a number of proteins, including Aβ [14, 27] . A parallel in-register β structural model has been identified for most amyloid fibrils studied to date [7, 27] . In the parallel in-register structure, each residue is aligned with the same residue from the neighboring molecule in a ladder-like arrangement. To illustrate how spin labels align with each other in the fibril, Supplementary Figure  S1 shows a model of R1-labelled peptide in the parallel in-register structure based on the crystal structures of the NNQQNY peptide [28] and the spin labelling reagent MTSSL [29] . The stacking of spin labels leads to strong spin exchange interactions between adjacent spin labels, which give rise to a characteristic single-line EPR spectrum [27, 30] .
To quantitatively assess the effect of spin exchange interaction on the EPR spectral lineshape, we simulated the EPR spectra with various spin exchange frequencies (Supplementary Figure S2 at http://www.BiochemJ.org/bj/447/bj4470043add.htm). When exchange frequency is less than ∼ 100 MHz, spin exchange interactions result in broadening of the spectral lines and thus reduced spectral amplitude. When exchange frequency is between approximately 100 and 250 MHz, spin exchange leads to a dramatically broadened centre line that engulfs the first and third spectral lines, which shift towards the centre line and are flattened to become small bumps on the broadened centre line. In the present study, we called these spectra 'bumpy' single-line spectra. When exchange frequency is more than ∼ 250 MHz, the first and third spectral lines completely disappear, resulting in 'smooth' single-line spectra. The plot of the centre line width as a function of exchange frequency shows that spin exchange leads to the broadening of the EPR spectrum when exchange frequency is less than ∼ 300 MHz. At higher spin exchange frequencies, spin exchange results in the narrowing of the spectrum, a phenomenon referred to as exchange-narrowing. Another type of spin-spin interaction is dipolar interaction. Simulation of dipolarbroadened spectra (Supplementary Figure S3 at http://www. BiochemJ.org/bj/447/bj4470043add.htm) shows that weak dipolar interactions (inter-spin distance >13 Å; 1 Å = 0.1 nm) can lead to EPR lineshapes similar to weak spin exchange interactions (exchange frequency <100 MHz). EPR spectra with a spin exchange frequency of >100 MHz have lineshapes distinct from dipolar-broadened spectra. Therefore the single-line feature of the EPR spectrum can be used reliably to distinguish strong spin exchange interactions from dipolar interactions. The experimental spectra can be simulated to obtain the value of spin exchange frequencies, which can then be used as a quantitative measure of inter-strand side-chain interactions.
EPR studies reveal differences in inter-strand side-chain interactions between quiescent and agitated fibrils
We next characterized the structural differences between quiescent and agitated fibrils with spin labels attached at 14 different positions, including 0R1, where R1 is introduced as an additional N-terminal residue before position 1 (Figure 2A ). EPR spectra of quiescent and agitated fibrils are shown in Figure 2(B) . Qualitatively, the EPR spectra show stronger inter-molecular spin exchange interactions in agitated fibrils, as shown by the 'smooth' single-line spectra at residues 17, 20, 32, 34 and 36. There are no smooth single-line spectra observed for quiescent fibrils.
One potential concern is that the spectral difference results from the loss of spin label under quiescent conditions, leading to the appearance of 'bumpy' single-line spectra. To address this potential issue, we performed the following experiments. First, we performed EPR studies on the soluble fraction when fibrils were collected, and did not observe any significant amount of free spin labels (results not shown), which would give rise to a very sharp EPR lineshape due to the small size. Secondly, we performed a spin dilution experiment in which the labelled protein L17R1 was mixed with unlabelled protein at 1:1 molar ratio, and the EPR spectrum of agitated L17R1 fibrils with spin dilution is similar to that of quiescent L17R1 fibrils without spin dilution (Supplementary Figure S4 at http://www.BiochemJ.org/bj/447/bj4470043add.htm). In other words, if the observed differences in spin exchange interaction for L17R1 resulted from loss of spin label, the loss of spin label would have to be approximately 50 %. Therefore we conclude that the observed spectral difference between agitated and quiescent fibrils truly represent different structures underlying different fibril polymorphs.
To quantitatively evaluate the spectral difference between agitated and quiescent fibrils, we performed non-linear least squares fitting to the experimental spectra to obtain the spin exchange frequency. Dipolar interactions may also contribute to the broadening of the EPR spectra. Because the singleline characteristic of these spectra suggests that spin exchange interactions dominate over dipolar interactions, contributions of dipolar interactions were not considered to simplify the analysis. Spin exchange frequencies obtained from the fitting are plotted in Figures 2(C) and 2(D) . The spectra of 0R1 and F4R1 were fitted with two spectral components (see the Experimental section and Supplementary Table S1), and only the exchange frequency of the major component is plotted in Figure 2 . Individual spectral components for the best fits of 0R1 and F4R1 are shown in Supplementary Figure S5 (A) (at http://www. BiochemJ.org/bj/447/bj4470043add.htm). All other spectra were fitted with a single spectral component, assuming there is only one structural state of the spin label. The 'bumpy' single-line spectra (e.g. the spectra of Y10R1 and H14R1) may contain two or more spin label states, so the exchange frequency should be viewed as the average of all structural states at that residue position. On the other hand, the 'smooth' single-line spectra (indicated by asterisks in Figure 2B ) suggest a single structural state of the spin label.
The EPR lineshape and spectral simulations reveal differences in inter-strand side-chain interactions between the quiescent and agitated fibrils. As shown in Figure 2(C) , the quiescent fibrils show two regions with relatively high spin exchange interactions: residues 8-20 and 32-40, consistent with the existence of two β-strands in these regions. Spin labels at positions 0, 4, 26 and 29 show low exchange frequencies, consistent with the disordered N-terminal region and the existence of a bend or loop at residues 23-29. In contrast, the agitated fibrils show higher exchange frequencies than quiescent fibrils at most of the labelled sites ( Figure 2D ). In particular, there are two regions with extremely high exchange frequencies: 17-20 and 32-36. These residues are located in the two hydrophobic clusters on the two β-strands in the fibril [7] . In addition, labelled sites 0, 4, 26 and 29 show high exchange frequencies in agitated fibrils, similar to the β-strand sites in quiescent fibrils, suggesting that even the N-terminal sites and the loop region are highly ordered in agitated fibrils.
Inter-spin distances can be estimated from spin exchange frequencies if the mechanism of spin exchange is known. In amyloid fibrils, there are two possible mechanisms for spin exchange. One is static exchange and the other is through rapid collisions. On the basis of structural modelling and temperature studies, Margittai and Langen [27] suggest that the spin exchange interaction in the fibril is mediated through static contact rather than rapid collisions. The crystal structure of the nitroxide spin label MTSSL shows a parallel stacking of spin labels (Supplementary Figure S1B) , and the oxygen atom is closest to the methyl group of the neighbouring nitroxide [29] . Modeling of the spin label side-chain on a parallel in-register β-structure of hexapeptide NNQQNY suggests that the crystal structure of MTSSL may represent a possible atomic organization of the spin label in the fibril (Supplementary Figure S1A) . Therefore, in fibrils, the spin exchange may take place through the oxygen and methyl group on the nitroxide. The exchange integral J decreases exponentially with increasing distance between spin labels and can be described as J(r) = J 0 exp[ − α(r − r 0 )], where J(r) is the exchange integral at distance r, J 0 is the exchange integral at van der Waals contact distance r 0 and α is a damping constant. Exchange integral J 0 is on the order of 10 12 Hz for oxygen and methyl group of nitroxide [30] , α is estimated to be ∼ 3.2 Å − 1 by Margittai and Langen [27] and r 0 is 2.6 Å [31] . With this formula, spin exchange frequencies of 150 and 350 MHz correspond to inter-spin distances of 5.35 and 5.09 Å respectively.
The calculated inter-spin distances are significantly larger than the theoretical inter-stand distance of 4.75 Å. Two factors may contribute to the discrepancy. First, the values of J 0 and α are not specifically determined for amyloid fibrils, and thus may deviate from the true values. Secondly, the inter-spin distance is measured between side-chains. We expect that there is more static disorder at the side-chains than at backbone atoms, which will cause a decreased spin exchange interaction, and thus lead to larger apparent inter-residue distances. Considering these two factors, the calculated distance is reasonably close to other experimentally determined distances. In the microcrystals of the small amyloid peptide GNNQQNY, which probably provide the best high-resolution picture for the spine of amyloid fibrils, the inter-strand distance is 4.87 Å [28] . In solid-state NMR, measurements of intermolecular 13 C-13 C dipole-dipole couplings in Aβ40 fibrils give a distance of between 5 and 6 Å [32] . X-ray fibre diffractions of amyloid fibrils give inter-strand distances between 4.7 and 4.8 Å [33] . The shortest inter-residue distance in the present study is 5.07 Å for residue 34 in agitated fibrils, very close to the distance from the microcrystal structure and X-ray diffraction measurements.
The calculated distances between spin labels based on spin exchange frequency are plotted in 
DISCUSSION
Aβ40 fibrils prepared under quiescent and agitated conditions have distinct morphologies, which have been shown to have different toxicities [3] . With EPR spectroscopy, we showed that the overall inter-strand side-chain interaction is stronger in agitated fibrils than in quiescent fibrils (Figure 2 ). Particularly, the two hydrophobic regions (residues 17-20 and 32-36) have the strongest inter-strand side-chain interactions in agitated fibrils. Distance estimates based on the spin exchange frequencies suggest that inter-strand distances at residues 17, 20, 32, 34 and 36 in agitated fibrils are approximately 0.2 Å closer than in quiescent fibrils. We propose that the difference in inter-strand side-chain interactions may be a structural origin for the fibril polymorphism of Aβ fibrils. The stronger inter-strand side-chain interactions in agitated fibrils may be also related to the close packing and rigidity imposed by the apparent lateral association of the protofilaments. In a previous analysis of high-resolution structures from the PDB, Ho and Curmi [34] showed that the interstrand C β -C β distances are 4.9 + − 0.4 and 5.1 + − 0.6 Å in β-sheets (twist angle = 17 + − 7
• ) and β-ribbons (twist angle = 23 + − 9 • ) respectively. This is consistent with our finding that the interstrand side-chain distances are slightly longer in more twisted β-sheets.
The mechanism by which the inter-strand side-chain interaction affects fibril polymorphism may be via its effects on the twist of β-sheets. As illustrated in Figure 3(A) , we propose that the first step in Aβ fibril formation is the nucleation of cross-β-units. The nucleus of the cross-β-unit may range from tetramer to hexamer, according to the cross-linking studies [35] and the observation of SDS-resistant small oligomers [19, 36] . The stronger interstrand side-chain interactions may correspond to the formation of straight untwisted fibrils as previously reported for this method of preparation [3, 4, 15, 16] . It has been shown that the degree of twist in β-sheets results from both intra-strand sidechain-backbone interactions [10, 11] and inter-strand side-chainside-chain interactions [12] . Therefore the findings of the present study also imply that intra-strand side-chain interactions favour the right-handed twist in Aβ fibrils. The balance of intra-strand and inter-strand side-chain interactions determine the degree of twist of these cross-β-unit nuclei. The second step in fibril formation is the nucleation of protofilaments by packing two or three cross-β-unit nuclei together ( Figure 3B ). The untwisted agitated fibril is found to contain two cross-β-units with a twofold symmetry [15] . The twisted quiescent fibril contains three cross-β-units with a three-fold symmetry [16] . CryoEM (cryoelectron microscopy) and STEM (scanning TEM) studies have also revealed twisted fibrils with only two cross-β-units, which show almost continuously altering packing interactions between the cross-β-units [5, 37] . The packing of cross-β-units may be affected by the arrangement of surface groups on the cross-β-units, which is a result of various degrees of twist in the cross-β-units. Different arrangements of cross-β-units may also be a stochastic process under kinetic control [38] . The third step is the elongation of protofilaments to form mature fibrils. Mature fibrils of a specific polymorph normally do not convert into other polymorphs [37] . Fragmentation of mature fibrils may contribute to secondary seeding effects and thus affect the composition of different fibril polymorphs [39] .
The EPR studies also reveal some additional structural details of the quiescent and agitated fibrils. In quiescent fibrils, the EPR spectra show that the N-terminal mutants 0R1 and F4R1 contain two structural states ( Figure 2B and Supplementary Figure S5) , one of which is completely disordered with a correlation time similar to that of Aβ monomers (Supplementary Table S1 ). In agitated fibrils, the N-terminal mutants 0R1 and F4R1 also contain a disordered state, but the disordered state is only ∼ 10 % of the total population, compared with ∼ 20 % in quiescent fibrils. This suggests that the N-terminal fragment in agitated fibrils has higher local stability than in quiescent fibrils. EPR studies also show that the agitated fibrils have high homogeneity. Residues 17 and 20 in the central hydrophobic cluster and residues 32, 34 and 36 in the C-terminal hydrophobic region all give rise to smooth singleline spectra (indicated by asterisks in Figure 2B ). The smooth single-line spectra suggest that all the spin labels have extremely strong interactions, because any weakly interacting spin labels would give rise to small bumps on the single-line spectrum. These spectra can be fitted with just one structural state of the spin label. The high sample homogeneity may be due to the high shaking speed at 600 rev./min for the agitated condition. Similarly, increased homogeneity was observed for Aβ40 fibrils formed with shaking at 950 rev./min in a recent NMR study, allowing structural characterization with uniformly labelled Aβ40 fibrils [40] . In contrast, the quiescent fibrils do not contain any smooth single-line spectra. This makes it difficult to determine how many structural states exist in quiescent fibrils. It is possible there is only one structural state, because most labelled sites can be fitted with one spectral component. But a combination of a smooth single-line spectrum and a bumpy single-line spectrum would still give rise to a bumpy single-line spectrum, making it equally possible that multiple structural states may exist in quiescent fibrils.
The general findings from the EPR studies on the quiescent and agitated fibrils are consistent with previous studies. Tycko [7] identified that the agitated fibrils contain Asp 23 -Lys 28 salt-bridge interactions, which are absent in quiescent fibrils. The Asp 23 -Lys 28 salt bridge would probably increase the structural order of the loop/bend region (residues [23] [24] [25] [26] [27] [28] [29] . This is consistent with our observation that both residues 26 and 29 have higher spin exchange frequencies in agitated fibrils than in quiescent fibrils. Wetzel and co-workers [4] investigated the structural difference of agitated and quiescent fibrils. They found that the agitated fibrils have more protected amide protons in the hydrogen exchange experiments and are more stable than quiescent fibrils, consistent with our findings that the inter-strand side-chain interaction is stronger in agitated fibrils. Wetzel and co-workers [4] also show that the N-terminal region (residues 1-4) in agitated fibrils is protected from hydrogen exchange. This agrees with our findings that the N-terminal sites 0 and 4 in agitated fibrils have exchange frequencies similar to the β-strand sites in quiescent fibrils. Our findings that the N-terminal region in agitated fibrils has high structural order is also consistent with a recent NMR model of the agitated Aβ40 fibril structure that suggests a folded N-terminal region [40] . However, none of these previous studies revealed details on inter-strand side-chain interactions in the fibrils.
Previously, Török et al. [14] performed an EPR study on the fibrils of Aβ40 formed under agitating conditions. The EPR spectra, however, show significantly weaker spin exchange interactions than the same spin-labelled mutants in the present study. As no morphology results were provided in Török et al. [14] , we can only speculate that they obtained a different fibril polymorph, in which the inter-molecular interactions were much weaker, leading to weaker spin exchange interactions.
Formation of amyloid fibrils has shown both sensitivity and plasticity for changes in the protein sequence. For example, point mutations E22G and E22K in Aβ40 result in distinct polymorphic aggregates in the presence of membrane [41] , although these mutants form similar aggregates as wild-type Aβ in the absence of membrane. An extreme case is the Iowa mutant (D23N) of Aβ40, which can form fibrils with either parallel or antiparallel β-structures [42] . On the other hand, Aβ fibrils were also found to be tolerant to a lot of mutations, allowing alanine scanning mutagenesis studies on both the agitated and quiescent Aβ fibrils [4, 43] . Therefore the nature of the amino acid substitution appears to be important for its effects on fibril morphology and structure. Although alanine substitutions are generally tolerated in Aβ fibrils, proline substitutions in the β-strand regions are found to affect Aβ's ability to form fibrils [44] . The spin label sidechain has been found to be well tolerated in amyloid fibrils based on the general agreement between EPR and solid-state NMR models for the amyloid fibrils of a number of proteins [7, 27, 32] . In the present study, we show that the morphologies of the agitated and quiescent fibrils were maintained in the spin-labelled fibrils (Figure 1) , further supporting the general applicability of spin labelling in the structural studies of amyloid fibrils.
As suggested previously [45, 46] , fibril polymorphism may occur at different structural levels, including the number of protofilaments, the relative arrangement between protofilaments and detailed sub-structures of protofilaments. Protofilament level polymorphism can be revealed by imaging methods such as cryoEM [5] and STEM [37] , but detailed sub-structures require higher resolution techniques. For parallel in-register β structures in Aβ and other amyloid fibrils, the strong spin exchange interaction between spin labels offers a unique opportunity to study the inter-strand side-chain interactions with EPR. As shown in Figure 2 and Supplementary Figure S2 , a small change in interspin distance would lead to a dramatic change in EPR lineshape, making EPR an extremely sensitive tool to study the side-chain packing interactions. We have previously shown that the amyloid core of yeast prion protein Ure2 contains an inner core region with stronger inter-strand packing interactions and an outer core region with weaker inter-strand packing interactions [47] . Changes in the size of the inner and outer core regions may be a source of polymorphism. Weissman and co-workers have also used EPR to show differences in sub-structures of different fibril polymorphs of the yeast prion protein Sup35 [48, 49] . Fibril polymorphism has been described for a number of other amyloid proteins, such as islet amyloid polypeptide [50] , β2-microglobulin [51] , α-synuclein [52] and tau protein [53] . As the amyloid fibrils of these proteins have been shown to adopt a parallel in-register β-structure, EPR methods provide a unique and sensitive tool to investigate the role of inter-strand side-chain interactions in the fibril polymorphism of these amyloid proteins.
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